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Abst  i  act 


A  ui'tlxvl  of  analysis  for  tlx-  surface  motion  field  Kistxi  on  a  mix 
of  observations  tnxn  resixireh  ships,  merchant  sliips  .ml  lev  ohm!  mot  ion 
vectors  tran  ijoostatioivii'y  satellites  is  proposed  in  this  jvijx'r  .  'Ilk' 
pro^ixsixl  sclxme  permits  a  turniixi  of  wiixl  with  Ixviaht  ti'twixm  tlx'  oUxkl 
wiixi  level  .uxl  tlx'  surfaee.  This  turniixi  is  iixxu  jurat  *xi  via  a  siuxx'ssive 
oorvix-tion  pixxxviure  wtno’.i  embles  us  to  fully  utilize'  tin'  liv^vlou!  winls. 
UlO  HX'tlXXl  dlX'S  1\H  d<  *1X3X1  Oil  tlk'  MoltX'tion  Of  a  ll'Vl'l  of  lk'St  fit  toi  tlx- 
cloud  winls  an!  tluis  is  n't  dejx'ixient  on  a  pixxlet eimiixxl  tlxxyy.  ‘file 
amlysis  of  the'  surtaix'  wml  tield  is  r.in  iai  mt  tor  tlx*  100  .lays  of  tlx- 
tVVKl'  At.l.uitdc  Ti  opie.il  Ksqxii  lnx'nt  (iWlV)  for  two  obsoix'at  ion  poi  nils  jx-i 
ikiy  (000,  107.)  over  a  wiili'  ilmviin. 

'llvis  )  ii)  xm  i  1  lust. rat  os  i)  t  ini'  aver. mix!  o.xtik't  i  y  of  tU- not  ion  t  ml. 
ilui  mi  iWiT,,  anl  i  i )  tain’  aver.vkxl  fields  of  tlk'  anvil  atii  tlk'  nx\t  \- 

ilional  stresses  as  we l  1  of  tho  curl  of  tlx'  win!  stress.  finally,  wo 
oxamitx)  fix'  specftal  analysis  of  tho  notion  field  ani  tlk>  st tosses  ovet 
fix'  trade  win!  U-lts  ot  tlx-  sunnx'.i  ani  winter  htiuisplx'te.  (Xu  stnly  mi 
phisx/x's  fix'  impot tun’  ot  two  nixies  of  osvi  llation,  oik'  auxin  1  *  to  <> 

.lays  oivl  the  other  aivnmi  10  to  1!'  .lays.  While  tlx'  tonix'i  is  i.lentifuxl 
witli  African  waves,  tlx’  scale  ,mJ  sjxxxi  of  {ux*}\ujat  ion  of  thi'  latter  is 
do  tcrmiixxi  t  txin  x-t  iiia.ji.inis  anl  is  idi'jitif  ii\i  as  a  wvstvxuxl  pix^vioat  inn 
VAivi',  whose  scale  is  of  tlx'  order  of  40°  loixjitulo  anl  sjxxxl  ot  pi\'\vi- 
uataon  is  arovuil  1°  longitude /day.  This  study  mvlvisizos  fix'  possible 
inx'fultx'ss  of  this  apuwieh  duriixj  fix'  CARP  Odolvil  Kxp'i  iment  wixm  a 
ijlob.il  iXAX'i.xje  frail  ijeostatioiviry  satellites  is  oxpvt oi . 


1.  lntrixluctron 


In  this  pajxir  va.'  projxise  a  ixv  metixxi  for  describing  the  surt'aiv 
nation  field  civer  the'  occvuis  Iran  a  nux  ot  observim  systans  such  as: 
research  ships,  merclvuit  si  lips  and  clout  winds  firm  qoostatiojvuy  satel¬ 
lites.  The  purpose  of  tins  exorcise  is  to  define  ti*'  values  of  surface 
stresses  over  certain  soviet'  an!  time  scales  for  invest inat  ions,  ol  nil  - 
soa  interactions.  Tlio  period  ol  tlx'  iWKl'  At. hint  ie  TTivical  Kx]x'i  intent 
(CA'Ii:)  provides  us  witii  a  unique  data  sot  to  cany  out  1 1  x -se  invest  iua- 
tions  m  sonowtiat  greater  detail  tlvm  his  Ux’ii  possible  previously. 

Tlxe  definition  ot  a  surface  motion  f  ield  over  tlx-  (WIT'  iveans 
is  of  considerable  interest  to  oceoixxir.vplx'rs.  lYohUius  such  as 
equatorial  ixxurxxjruphy,  tlx>  duimu  ctxi at  uf  wiling  uni  the  (Wit  ot 
Mexico  water  circulations  can  Lx-  examine!  witii  tlx-  ixinpusite  iWTV  sin  - 
Lace  meteorological  data  sets. 

Tlx:  prvsent.  study  focuses  on  an  analysis  tixTmique  t  hit  « rubles 
us  to  briny  tlx*  clout  winds  (low  clout  motion  vectors)  to  tho  mv  level 
witii  an  allowance  for  the  tuminy  of  tlx'  win!  with  tx'ioht .  Tliis  turning 
of  wiixl  witii  lieiyht  is  detenuinixi  here  without  relying  on  «uiy  sjxxu  t  ie 
tlx'Oiy’  of  tlx*  plaix'tary  Ixivuxlaiy  layer,  Tlx'  prooxhuv  relies  on  an  up¬ 
dating  of  tlio  wiixl  slxvir  lietwen  tlx'  clout  winl  level  .uxl  tlx'  surtaiv 
level  via  a  successive  correction  of  an  objective  analysis  at  tlx’  tw> 
levels  witii  the  avai lable  data  sets. 

In  Section  2  of  this  paper ,  we  shall  present  a  list  id  data 
sources  avai  laid  e  for  tliis  stuly.  JWetion  1  provides  lietails  on  tlx'  popis*\l 
analysis  method.  In  flection  *1  w-  six*.*  s.«nple  (Vtti:  mom  imps  as  well  as  nimpio 
analyses  for  intividual  days.Tlx'  mean  fields  ot  t he  surface  stresses  . 


uxi  tlx- 


curl  of  the  surt.ki'  wrrxi  stress  are  illustrated  in  txvtaon  5,  .m!  th- 
salient  tinv  variability  ot  the*  relevant  parameters  are  presented  in 
Section  6. 

2 .  I  Vita  Sources 

Fiq.  (1)  illustrator?  the  configuration  of  GAIT!  ships  durinq  otic  phase 
ot  the  Kseperiment .  Hx'iv  wro  rouqhly  30  resoarch  ships  that  providoi  sin  - 
face  nuteorologicol  observations  during  the  tliree  pluses  of  CWTF  (loikjhly 
8  vaxiks  {xn  pi  vise) .  'lhis  data  set  was  {prepared  Ly  th'  Synoptic  Scale  Sul>- 
proqram  liatu  Center  at  Bracknell.  In  tills  study  vx?  have  used  the  007  .mi 
127.  data  sets  from  rouqhly  25  ships  during  tlx.'  three  phases. 

11  x'  nuriiK'  data  collection  from  merchant  ships  cones  iron  tv*' 
sources:  1)  ’lire  Global  IVileconmunication  Service  tapx's,  aixl  ii)  the  Huiix' 
iLita  tapes  turn  tlx-  Weatlxu  Service  of  the  Federal  Republic  of  Germany.  llx' 
latter'  was  special  collection  for  GAIT; .  Rxighly  1400  sliip  observations  per 
24  Ixxn  day  wine  available  durinq  tlx?  100  days  of  GATF  from  these  sources. 

Rir  oix?  map  tin  v  (o.q.,  007  +  b  hours)  a  typical  distribution  of  this  data 
set  is  i  l  lus  tinted  in  Fig.  2.  llx'  quality  of  this  data  requires  a  str ir>qent 
screening,  wtucli  is  carritxi  out  in  tlx’  aivilysis  phase  described  in  tlx'  next 
section . 

llx'  cloud  motion  vectors  described  in  tht>  {ire sent  study  wine  col - 
lectixi  (as  vel  1  as  pr  cessed)  ly  Krishnamurti  et  al  (,137ba)  .  Hus  data  set 
irx?lules  cloud  winds  trail  two  qoostatioiviry  satellite's,  Ad'S  Ill  an!  SMS  1. 
During  a  24  hxu  fxn  iixt  nxxihly  1400  low  clcxxl  notion  vectors  wav  col¬ 
lected  tor  tlx'  100  lira's.  Fiq.  (3)  (firm  an  unpublished  stivly  ot  FUjita) 
illustrates  a  possible  mixinun  data  coverage  over'  tlx'  Atlantic  ocean  from 
a  goostatioivuy  satellite. 
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Anv>na  t Ik ':it'  data  sots  the  aant\k7  of  t J«.*  (WIT.  ship  data  is  tlxxxiht 

to  lx>  ot  Uk-  order  ot'  2  n^is  for  spxxxl  ..uxi  101,  for  dirxvtion.  Ilk’  anri's- 

pondiixt  f lquios  tin  tlx?  clout  winis  applied  to  8 SO  mlas  is  of  the  oniiT  of 
v> 

4  nps  and  .’0  resjxx't  ively,  (Hubert  ,  1975  ).  It  is  not  possililo  to  assess 
tlk'  quality  ot  tlk'  mercJvuit  sliips  in  a  similar  iu. inner .  Ikwver,  it  is  xxir 
contention  tint  if  tins  voluminous  xiata  is  subixvtxxi  to  a  scroemna  via 
elimination  of  those  obeervatix'iis  wixise  staixtard  deviation  with  rosjxvt  tt> 
a  local  nxxin  oxcxxxis  the  s<inx'  limits  as  tlx’  accuracy  ot  tlx'  clout  winis, 
tixm  the  retained  data  sot  Lxvmx's  extroixi y  valiuble. 

3 .  Motlxxt  ot  Ai vi ly si s 
3 . 1  Tlie  hackgrixuxi 

Itx’  Ixisic  aiyiuuii  for  data  analysis  of  tlx'  wini  velocity  xxr.ipuixnit s 
(u  .uxi  v)  is  a  successive  xviTtvtii.ni  method  pix?ix->si\i  tv  Cre^atvui  (195‘>)  . 

Ttiis  nvttxxi  is  ignite  suitable  for  tvuxtlirv]  such  fields  if  tlxno  is  ,in  ade- 
qikite  cover uae  and  it  tlie  data  front  a  diverse  set  of  platforms  is  aiequatoly 
Ixmtlxvt.  H'f  low  latituii'  atvilysis  of  tlie  alxnv  fields  it  is  felt  tint  a 
nvin-flVKiiiix'  mix  (i,e.»  insertion  of  Ixxjus  xiata)  is  useful  in  antin'  to  in- 
trexiuco  continuity  in  s^vuse  data  areas:  txxiqhly  s  siixii  data  insertions  per 
nviptime  witiiin  a  total  of  300  to  400  obsetwit  ions  (xt  day  w.tX'  nude.  Tliis 
onxxints  to  loujhly  2V.  c>f  suoh  Ixxjus  data  txu  tlx-  100  xiiys  x't  (WIT).  ftXMlilv 
one  bogus  data  per  xtay  was  intrxxiuccxi  in  soutlikvst ern  Pacific*  xxxwn  (100°N, 
10°i>)  equatorial  union  jixvvr  40°N,  North  African  cix'seit  nxrions  (5°N,rO  n)  aixt 
South  Central  Atlantic*  cctxin  rxxir  1 5°N  oixi  1J°S.  lik*  fcx'l  tlxit  this  exercise 
txis  been  cxtxonely  useful  in  piwidinn  us  with  vmy  useful  fields  ot  surfaxX' 
parameters.  In  the  ohsoiXT*  of  suoh  U>rus  data,  tliere  is  a  tcjxtoixy  for  tlx' 
notion  field  to  exhibit  f  lotitious  asymptotes  ot  conwmoixv  or  slxxu  linos 
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in  the  inter  facial  roq ion  between  data  rich  ;ueas  aixl  th'«'  defined  via 
the  first  guess  field. 

The  details  of  the  cbjective  aixtlysis  scheme,  used  here,  is  dis¬ 
cussed  in  Tripoli  and  Krishnanxirti  (1975)  and  hence  it  will  not  be  re¬ 
views!  in  detail  here,  Hx?  domain  of  analysis  extends  from  20° S  to  34°N 
and  100°N  to  14°K.  WP  use5  a  2°  latitude  by  2°  longitude  qrid  in  our 
analysis.  Hx?  mean  separation  distance  between  observations,  D,is  of  the 
aider  of  350  km.  Hit?  influence  radius,  R,  is  decreased  in  successive 
correction  scans  starting  from  5xD  to  2xD  in  tlx?  firvil  scan . 

Hie  objective  analysis  scheme  has  a  data  rejection  cycle  which 
works  as  follows:  We  allow  foiu'  successive  scans  in  tlx?  analysis.  IXnim 
oaclv  sown,  )J  ,  the  error  is  qiven  by  the  relation 

Es  -  Us  —  Up  U> 

where  Us  denotes  a  wind  component  at  an  observation  site,  wtiile  U^s  donoti 

tlx?  interpolated  value  at  that  point.  Hx?  successive  scans,  as  shewn  in 

-  V 

Tripoli  aixl  Krishnanxirti  (1975) ,  reduce  the  nvaqniUxlo  of  t$  .  rvata  rt'- 

r  V 

jection  criteria  .ire  1  vised  on  tlx'  magnitudes  o!  £3  tor  ivich  scan,  V 
(Yanai  ,  19t>4).  In  tliis  stutiy  we  define  tlx?se  limits  -  12,  10,  S ,  ,u\d  t>  up; 
for  the  successive  scans,  both  cxmpoixmts  of  the  wiixi  (u  aixl  v)  mv  m- 
dct>en.k'ntly  handled  with  tlx'  same  rejevtion  criteria.  A  jiresoroemixi  of 
tlx'  data  sets  includes  a  limit  on  the  nuxinxm  surface  wiixls  and  procedure 
for  the  removal  of  duplicate  data. 

Hie  maxinun  surface  win.!  on  our  resolution  is  30  nps.  Ary  wind 
qroater  tivin  that  value  is  rojocttxl  by  the  analysis  txvftniquo.  A  data  sot 
program  rmevos  all  duplicate  data  in  the  first  scan.  Hx'  first  guess  field 
for  the  wuxl  analysis  for  the  first  day  (i.e.,  .Tune  It,  1974  007)  is  pre|\iml 
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on  tit  basis  of  subjective  amlysis  of  the  same  data .  Ihereafter  persis¬ 
tence  is  used  to  define  a  first  quess  field.  It  should  be  statix!  tint 
since  the  final  data  set  includes  around  400  observations,  the  first 
quess  is  rot  very  critical  for  the  final  analysis. 

Tit  first  step  in  this  exercise  is  to  apply  the  above  netbixi  aid 
perform  an  objective  analysis  at  tire  surface  and  tire  850  nib  level.  Hr  is 
surface  analysis  utilizes  surface  marine,  CATE  aid  tire  Wbrld  Wivititr  Watch 
Surface  Network  data  within  tire  domain.  No  cloud  winds  enter  tit  surface  aivilysi 


at  this  staqe.  Tlus  pixxaxdure 


is  cuTiai  out  for  every  10  Iruis  for  tit 


100  days  of  CATS.  Except  fcr  tit  first  maptime  all  tit  ixmiiiunq  amlysis 


utilize  1  persistence'  (i.e.,  12  lour  earlier  field)  as  a  first  quess  field 


in  tit  objective  analysis,  because  of  the  larqe  amounts  of  observations 
pel  nuptinx',  (002.  or  12'Z)  +  6  hour's,  the  tirst  qr tss  is  not  ivtaiixxi 
over  most  regions. 


'lit  850  nib  level  analysis  utilizes  till  available  tyjvs  of  observa- 
tions:  Radiosorde/rawinsorde ,  pilot  balloon,  research  aircratt  lew  roso- 
lution  data  an-i  low  cloud  motion  vectors.  Hie  metlxxl  of  aivilysis  of  tiris 
data  set  is  described  in  Tripoli  arxi  Ki  ishivmirti  (1975)  .  Hx’  metion  field 
was  analyzed  for  002  and  122  for  tire  200  nvrptimes. 

Ht  next  step  in  this  exercise  is  to  determine  a  mean  tumim  aivjlo 
of  the  wind  based  on  the  above  stated  first  quess  fields:  low  cloud  notion 
vectors  are  qenerally  used  in  the  analysis  of  the  cltxxl  bast'  l»nx\l  charts, 
i.e.  roughly  1  km  above  the  sea  level.  Since  a  sizeable  turning  of  wind 
with  height  (  “  20°)  occurs  in  tiris  depth  (Rnsimar  ot.  al ,  1971;  Holland  aixi 
Rastussen,  1973;  Charnok  ot_  al . ,  1956)  it  seems  irvrpiuvyiriato  to  use  tlx' 
cloud  winds  directly  at  the  surface  level .  Hvrv  is  no  sir.  vie  analytical 


-(>- 

method  for  accounting  for  tin?  turning  of  tin1  wind  with  height.  W-  have 
arrived  at  an  aipirical  method  for  irxxirparatinq  the  cloud  wind  data  to 
the  surface  level  by  a  method  of  successive  corrections  that  takes  into 
account  five  mean  turning  of  the  winds  with  Ixright  in  12  subregions 
(called  sections  tore)  over  the  oceanic  regions. 

3.2  NXvm  Turning  Angle  Within  a  Sector 

Witlrin  one  of  these  sections,  at  arid  point  f  tin?  surface 

and  tlie  cloud  level  wind  directions  nviy  resjiectively  be  written  as: 

(the  symbols  are  explained  in  Table  1) . 

■^5* y  =  (  Vt'j /  Us,j)  p"> 

and 

J>cij  =  '  {Vclj/UcLj)  . 

'llit'  turning  angle  nuy  be  written  as:  C  .  _  2>s.,  -  h.j  .  (4) 

Oij 

Hie  mean  turning  angle  is  obtained  by  sunning  over  all  the  grid 

points  within  the  subdcnuin,  ,  ./  , ,  1  , 

j  ‘ 

where  N  denotes  the  number'  of  points  within  tlie  subdonuin.  Hx'  speed  of  tin' 


surface  and  the  cloud 

level  winds 

at 

point  ij 

is  given  by  tlx'  resjxvtive 

•elutions:  q 

UfJ 

-t 

Vs./ 

((') 

Sc.j  - 

/  Ucij* 

+ 

Vr./ 

(71 

Hie  moan  wind  speed  for  the  subdaiuin  far  the  surface  and  tlx'  cloud  levels 
respectively  is  next  obtained  by  a  simulation  of  the  speeds, 


Ss  -  ££  9s;j  //V 

j  • 

Sr  -  £^S<.j/n. 

j  * 
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H*_  individual  cloud  wind  observations  (  £  ,  Dc  )  within  the  subdomain 
are  next  relocated  at  the  surface  level  via  the  relations: 


Urs  =  Sc  {  CoS  (l >c  +  s)}  Si  /s'c 
V„  Sc  {s*  (Dc  +?)}  S/s“. 


(10) 

(ID 


Hie  aforementioned  analysis  is  not  constrained  to  a  precise  knowledge  of 
the  height  of  the  cloud  winds.  The  analysis  is  independent  of  this  height. 
Although  we  assigned  the  cloud  winds  to  the  850  mbs,  the  final  results 
over  oceans  would  have  been  the  same  if  w e  had  assigned  a  different 
height  to  the  low  cloud  motion  vectors  provided  the  upper  level  is  analyzed 
using  only  the  cloud  wind  observations.  Hie  srperical  approach  proposed 
here  is  not  constrained  by  any  boundary  layer  theory  and  as  such  is  not 
limited  to  a  baro tropic  or  a  baroclinic  theory  in  the  near  equatorial  lat¬ 
itudes.  Hie  following  analysis  shows  the  validity  of  the  proposed  method 
if  the  boundary  layer  were  baro tropic: 

We  start  with  a  logarithmic  profile  for  the  variation  of  wind  with 


height: 


(12) 


where  k  is  the  Von  Karman  constant  and  ZQ  is  surface  roughness. 

Following  Wyngaard  (1975)  we  introduce 

7,  =  -cl  <13> 

where  L  is  the  Monin  Obukhoff  length  and  C  is  the  constant-  Thus  we  obtain 

UVu¥  =  !/k  L*  tn  C  •  (14) 

We  emit  the  second  term,  which  is  negligible,  and  thus  obtain 


k  u$°/u,  =  In  (  Vzo)  . 


(15) 


Similarly  we  obtain 


-  kv< 


u.  = 


'H 


where  tlx'  height  of  the  planetary  Ixxiixiary  layer  \A  nviy  be  equated  to  tlx' 


cloud  fuse  level  for  convenience. 


Next  define, 


{a** 


V1‘/i 


where  0it  is  tlx:  tiixjle  between  tlx:  surface  wind  (alonq  tlx:  x  axis)  and  tlx 
pressure  gradient  force  (i.e. ,  the  cloud  wirxi  direction  for  a  boro  tropic 
boundary  layei  )  . 

Substituting  for  I^Jo  .md  ^^0  v*?  obtain, 

tiM  *0  =  -  ^  {  U_^I—L  US' 

hence 

J  A--'  f  -k 

d°  "  ^  1  A  pv7,)J 

f  (lo,  L.)  (a  function  of  ?o  axvl  L) ,  ^  “*  ~ 

nuy  be  assumed  to  be  a  constant  t?  -0.1. 

If  Q0  is  the  anile  tvtwen  the  pressure  qradiont  (i.e.,  tlx-1 
cloud  wirxi)  aixi  tlx’  exist,  tlvn  we  nxiy  write: 


do  + 


F  [  2o,  L)  +  Bo 


llus  expression  is  consistent  with  cur  empinc.il  expression  presented  above 
Thus,  at  least  for-  a  harotropic  bexuxiary  layer  our  empirical  method  for  tlx' 
tuniirxj  of  the  cloud  wind  witli  heiqht  can  lx'  rational  i  revd .  Since  the  sub~ 
daiuins  of  the  analysis  are  fairly  small ,  ue  beliew  tlvat  our  analysis  is 


also  valid  for  Lvorool mic  situations. 


i .  .3  https  m  the  Analysis  ilax-edure 

1)  Analyze  surface  streamlines  ani  isotachs  using  only  (WIT'  an.: 
ntrcivint  slups  data  sets. 

ii)  finalize  tlx1  850  mb  aitilysis  of  tlio  motion  field  using  a  mix 
of  observations  from  rn.ho9onie/rawinsondes ,  pilot  balloons  and  lev  clcud 
motion  vectors  (Tripoli  ani  Krishrwmurti (  1075). 

ill)  ivtermine  tit'  sector  nurn  turning  anile  ani  the  utvu i  win!  shear, 
iv)  Relocate  Kw  cloud  motion  vectors  at  tin.'  surface  level  .mi 
modify  tlaeir  speeds  an!  directions  by  the  t  rating  angle  an!  sjxtii  ratios 
determined  in  stay  iii). 

vj  Reanalyze  the  surface  charts  using  ntxii fieri  cloud  winis,  World 
Wea tlier  Watch  surface  data ,  (V\TK  .ini  nor  chant  sliip  data.  Use  the'  previous 
surface  analysis  to  provide  a  first  guess  field . 

vi)  Repeat  steps  iii) ,  iv)  ani  v)  until  surface  analysis  converges, 
i.e.  tlie  speeds  an:  directions  of  the  two  successive  scans  of  step  v)  at  a 
grid  point  eio  not  alter  by  more  tlvui  1  nps  and  2°  respectively  for 
successive  scans. 

3  •  4  On  tlf  Validity  of  tit'  Analysis  Seller  re 


Ihroe  types  of  tests  were  carried  out  to  investigate  the'  validity  of 
tit'  proposed  analysis  of  the  motion  fie  lei  over  the  oceans. 

i)  deTipvir l sen :  with  an  independent  analysis  of  tlie  phase  mean  motion 
field:  (Xir  time'  averaged  motion  field  for  phase  III  of  GATH  (12Z  data 
only)  was  inter coipared  witii  a  corresponding  subjective  analysis  (Dean  aid 
Smith  ,  1977) ,  Based  on  GATK  sliips  plus  a  smaller  eol lection  of  the  marine' 
data,  the  two  analyses  illustrated  in  figures  4a  ani  4b  are  in  essential 
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agreement  within  the  regions  5°S  to  15°N  and  40°W  to  15°W.  Hie 
direction  and  locations  of  the  north-east  and  the  south-east  trade 
winds,  the  West  African  monsoons,  the  flow  separation  point  rear  9°N, 

34°W,and  the  asymptote  of  convergence  are  in  close  agreement.  The  speed 
field  over  certain  areas  such  as  20°W  and  3°N  exhibit  differences  and  we  feel 
that  this  discrepancy  is  .largely  due  to  a  total  lack  of  observations  in 
the  analysis  of  Dean  and  Smith  (1977) .  It  should  be  noted  that  our 
analysis  utilizes  more  observations  fran  the  diverse  observing  system  over 
the  domain.  In  regions  where  comparable  observations  of  high  quality 
are  available  such  as  over  the  GATE  A/B  scale  ship  array,  the  two  analyses 
show  close  agreement  in  both  wind  direction  and  speed. 

ii)  Ccrparisons  of  sample  daily  surface  motion  field  fran  the  Dean 
and  Smith  (1977)  subjective  analysis  and  our  objective  analysis  show 
sane  minor  discrepancies.  The  differences  are  again  related  to  the 
disparity  in  the  number  of  observations  over  the  large  data  void  regions 
in  the  analysis  of  Dean  and  Smith  (1977).  The  two  analyses  tend  to  be  in 
close  agreement  over  the  regions  of  the  A/B  scale  ship  network.  Fig.  (4c  ) 
illustrates  a  typical  surface  chart  for  a  single  day.  The  analysis 
illustrates  a  disturbance  on  the  6th  of  September,  1974  (00Z)  over  the 
GATE  A/B  scale,  as  well  as  hurricane  Carmen  in  the  southern  Gulf  of  Mexi¬ 
co.  The  details  of  these  flow  fields  show  a  very'  reasonable  interdiumal 
time  continuity. 

iii)  An  intercariparison  of  observed  surface  ship  data  with  an  inter¬ 
polation  of  our  analysis  to  these  locations  shews  that  our  winds  are  an 
underestimated  by  about  10%  (e.g.  4  mps  ins*  aad  of  4.5  mps) .  This  is  due 
to  the  fact  that  the  objective  analysis  scheme  provides  a  grid  point  wind 
which  is  in  fact  a  mean  over  a  demain  whose  size  ^  200  km  .  Thus  sane 


i 


-11- 


ot  tlv«  opimxlos  ot  t  luutiuit  ions  ol  wiul  within  t lu*  A,  1>  :*\ilo  aiiay 

ito  u't  am  tv  with  tin*  jxunt  valuos  t  opt  osontixl  lty  tlx'  :dnp  liata.  "Iii; 

ilisoivtvuioy  will  also  lx-  roth\tixl  in  tix>  nvnmitixio  ot  tlx»  strossos  ns 

wvl  l  as  in  tho  ostinvitos  ot  tho  tin  1  ot  tlx<  wiixl  stn'iws.  tin  t Iximn  o, 

sitxx-  tlx'  lattoi  ato  pmjxt!  t iotvil  to  tho  nnuvc  ol  tlx-  wini  s\xxxi,  tlwy 

will  thus  vut  Uvt  a  tin  tlx'i  oiilviixiiixint  ot  this  ilisoi  tyxiivy  .  It  is  liv 

ovoi  iinjxn  taut  to  iixxxim/o  tlvit  tho  pi  ojx'stxl  ol'uvtivo  aivilysis,  with  an 

> 

inlluoixv  r.xlius  100  kin*',  will  mvo  an  aroo  avoi  auo  t  opi  i'sont  at  ion 

lit  ttio  nut  .ion  t  ioht  aixl  tin'  strossos  on  this  soalo.  Tlus  o  is  ix' 
ossont lal  ditto.roniv  Ix'twxvn  rosults  txistxl  on  oui  aivilysis  aixl  tlx'so  ol> 
tahxxt  tmn  a  iliitvt  uso  of  IWIT.  ship  ol isoi  vat  ions,  i  t  wv  itxwmii’o  tlvit 
tlx'  tonix'i  riynosonts  an  ami  avornuo  whilo  tlx'  lattoi  iloix'tos  va hit's 
.it  siixjlo  hvations. 

4.  kVxm  Mat  ion  Fioht  ixn  itxj  iWlt' 

4 . 1  I’iirt.ux'  aixi  fh'O  Mh  l’it'lils 

In  t  i  quit's  (!vi,  h)  wv  il  lust  rat  o  tlx'  nxxin  surt.uv  win!  t  u'1.1  foi 
tlx*  100  itays  aul  tho  tJvitxl  plviso  ot  iWlV.  losixvt  ivoly .  ilx'  avornuos  Ixmv 
ait'  Ixistxl  on  tlx'  titvil  ilaily  aivilysis  at  00/.  as  wvll  as  at  1.'/,.  ilx'  sur¬ 
tax  v  t  lows  slxv  a  wvll  dot  iixxl  Atrioan  n\m:*xinal  I  Kv  ovo.r  WPst 

Afrio.i  wtvioh  ixnx'tiatos  wvll  inlaixl.  Tlx'  ix\rtlx\ist  t  ratios  ovor  tlx'  At 
l.uitioiVxMii  l  vivo  a  likxin  sjxwl  ot  ammi  10  to  l1'  kix'ts.  Tlx'  •x'Utlxxist 
tr.xli's  of  t  lx'  tvisto.rn  1'aoitio  iVxwn  uxhibit  a  liistiix-t  turniixi  toward  tho 
tvist  as  tiio  flows  oil's;:  tlx'  ixiuatoi  .  Tlx'  hvat  ion  ot  tlx'  sill  fail'  asymptoto 
ot  ix'nvoixjojx'o  is  oonsistont  with  tho  Ux\it  ion  of  tho  VIV/  Ixistxl  on  ohxul 
ixivi'i  (  M.  Mniak.mil  ,  i‘»7‘>).  Tim  southixist  ti.ulos  of  tho  At  hint  io  iVxnui 
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havron  interesting  uourtv  region  at  the  aiutimi  Ixxuxlary  ol  tlx'  analysis 
roughly  hotvax'n  5 °S  .ml  14CV:.  Hiis  1  low  has  essential  ly  tw>  hruixdx's: 

1)  the  nonsoonol  branch  tlvit  eventiuilly  acquires  a  westerly  oxnfionent  , 
and  ii)  tlx'  easterly  hraixh  tlvit  flows  tcvu.nl  South  Anx'rica. 

Fig.  (b a,  b)  illustrates  the  tine  averaged  notion  field  at  8 SO 
lulis  for  tlxe  100  days  and  pi  use  III  ot  GATF.  At  this  level  tlx*  trade 
wnvis  have  an  intensity  betvoon  IS  .ml  20  knots  over  the  AtJ.uit.ie  and 
ivis tern  Pacific  ixwur;.  Tlx'  southeast  trades  show  the  strorxjost  sjxxxls  over 
nor  tl  was  tern  Uracil.  'ltx'  southwesterly  flews  over  West.  Africa  do  not 

penetrate  nortJi  of  1  S^Vl  at  this  level . 

ciTnjxued  to  th<.'  100  day  aver  are  the  tlii.nl  phiso  of  GAIT!  slows 
stronger  tr.idc  wiivis  over  the  nortluvistem  AU.mt.ic  ocean,  as  wol  1  as  iver 
Urn  central  AUantie  (Axvm  in  the  tout  horn  llomisplxire. 

'llx'Se  fields  over  oceans  are  lamely  dctermiixvl  It,’  tlx'  elovxl 
motion  vectors.  Of  major  interest  liere  is  the  difference  between  the 
surface'  level  an!  tlx'  8 SO  mb  flows. 

4.2  Tlx'  Field  ot  th'  Mi\m  Turning  Anglo 

From  tlx>  t  iivd  amlysis  at  tlx'  surface  level  .vnd  at  the  level  of 
tlx'  lev  cloni  winds  we  linv  constructed  a  100  day  moan  chart,  of  tlx'  'moan 
turning  angle'  between  tlx'se  two  levels,  Tlx'  turmm  ancle  (Fin.  7) 
is  extremely  large  along  tlx'  West  African,  South  American  and  tlx'  Central 
American  coast  s  over  tlie  eastern  oceans.  In  tlx'sc  regions  tlv  surf  ace 
wsterly  winds  dhaixjc  to  easterlies  at  tlx'  cloud  wind  level .  Cloud  drifts 
in  lev  latitvxies  are  almost  always  fnm  tvist  to  west. 

A  word  of  caution  in  interpretation  is  ixxossary  here.  'Hie  eloud- 
wind  level  slxxild  not  lx’  tacitly  assipixxl  to  lx-  tlx'  top  of  tlx'  t riot  ion 
layer.  It  is  oonce.ivooblo  tlvit  slvilhv  clouts  nviy  in  fact  lx'  fovuvl  witlrin 
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tlx*  friction  1  ayer .  Hence,  tlx*  tiunini  angle  described  may  not  be  tlx- 
total  turning  of  the  wnvi  in  tlie  ltwst  layer. 

by  and  large  the  southeast  trades  of  the  Atlantic  and  eastern 
Pacific  ocean  stxiw  backing  of  wind  with  height  while  the  northeast  trades 
exliibits  a  veering.  live  angle  of  tacking  (or  veering)  in  the  trade  wmi 
belts  is  on  the  orxier  of  8°  to  16°  between  tlu.'  surface  ani  tlu*  cloud  drift 
level.  In  the  transition  zones  such  as  the  vicinity  of  tlx*  niTZ  the 
turning  angle  can  be  as  large  .is  180°  because  of  a  complete  reversal  of 
wind  direction. 

b.  Time  Averages  of  the  Wini  stress  and  tlie  Curl  of  the  Win!  Stress 
5 . 1  The  Drag  Ogef  f  ieient 

During  (Will,  tlx*  buoy  observations  from  the  sliip  'METEOK'  were 
used  to  estinute  momentum  fluxes  by  tlx*  eddy  correlation  method  (Di  timer 
et  ul  ,  1178) .  Fran  a  comparison  of  their  results  with  those  obtained 
usinj  tlx*  Rilk  Acrodyivsnic  Metlxxi ,  Pusingor  ajxl  Peguin  (1177)  roccrtiixindixl 
tlvit  tlu'  drag  inefficient  Cjj  for  undisturbed  as  well  as  disturbed  con¬ 
ditions  Ires  iji  tlu'  r.inge  1.4  ±  0.4  x  10  \  Vi'  feel  tlvit  for  large  scale 
flows  (i.e.  on  tlx*  GATE  A- sc.de)  tliis  is  certainly  .in  appropriate  olwiiv. 
However,  n>ting  tlie  fact  tlvit  t hero  were  several  hurricanes  during  tlx* 

100  days  witliin  tlie  GATE  A-scalo  domain,  wo  fool  that  a  variation  of  drag 
cix*f  ficient  witli  witvi  t^xxxi  is  appropriate  fear  the  mapping  of  the  stress 
charts.  Angular  mcmentum  Ixxiget  stivlies  in  tropic.il  disturbances  clearly 
show  tlvit  tlx*  drag  coefficient,  does  vary  with  tlie  radial  distance  fn.ru  tlu* 
center  of  the  hurric.ino  as  well  as  with  respect  to  tlx*  wind  sjxxxi  in  a 
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hurricane  (Miller,  1962,  Ooyama,  1969).  During  GATE  on  the  A- scale, 
our  tabulation  on  the  2°  latitude/20  longitude  mesh  size  does  not  resolve 
the  fine  structure  of  the  high  speed  region  (the  inner  rain  area)  of  a 
hurricane. Hawever  we  note  occasional  wind  speeds  as  large  as  45  knots 
during  such  events.  Thus,  following  Roll  (  1965  )  and  Miller  (1962) , 

we  estimate  the  stresses  far  wind  speeds  10  ups  by  using  the  formula 

r> 

Ty  =  >/  V  ^ U-'+V*  )  4>rMx/03 

Wind  speeds  >  10  mps  are  7  estimated  by  using 


T*  „  u.  r —  . 

and  ty  =  tP-T  y  y  y  O-J-t  d^O^yfor  wind  speeds  ^10  nps. 

This  is  consistent  with  the  value  of  1.4  x  10-3,  for  a  wind  speed  of  10  nps 


suggested  by  Businger  and  Sequin  (1977).  It  also  gives  reliable  estimates 

I 

at  high  wind  speeds.  The  choice  of  a  constant  drag  coefficient  for  speeds 
less  than  10  nps  is  also  suggested  by  the  results  frcm  'BCMEX'  obser¬ 
vations. 


5.2  The  Curl  of  the  Wind  Stress  (CVS) 

Holcpainen(1967) ,  Han  tel  (1970)  and  IXiing  (1968)  have  examined 
the  distribution  of  CWS  over  wide  areas  fran  long-term  time-dependent 
motion  fields.  Hantel  and  Duing  examined  the  Indian  Ocean  region  in  con¬ 
siderable  detail  and  noted  large  zonal  gradients  of  the  wind  stress 
curl  in  the  southwesterly  monsoonal  current.  Hantel' s  charts  clearly 
bring  out  a  relationship  between  the  wind  stress  curl  and  the  observed 
regions  of  oold  upwelling  in  the  western  Arabian  sea.  They  also  noted 
that  the  surface  winds  in  the  Indian  Ocean  were  quite  large,  and  as  a  con¬ 
sequence,  stresses  of  the  order  of  1  dyne/an^  and  curl  of  wind  stress  of 

*3 

the  order  of  2.5  x  10  dynes/arr  were  noted  in  their  calculations. 

_3 

Hantel  used  a  drag  coefficient  of  1.2  x  10  which  is  closer  to  the  value 
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wc  have  used  in  tlx?  present  study  for  tlx?  GATE.  A-scale  region. 

Wo  examined  the  GATE  phase  mean  anti  100  day  nxvm  distribution  of 
tlx?  wind  stress  curl  defined  by  the  relation, 

/■>  ^  Tv  T» 

Cws  "  ~t>7  ~ 

llx'  fieltls  wre  computed  by  straightforward  centered  differences  over  a 
distance  of  ziX  and  on  the  order  of  200  kms . 

Aside  firm  the  tune  averaged  fields  wo  shall  also  sh?w  the  vari¬ 
ability  and  tint?  spectra  of  CWS  in  this  section.  Tlx?  resolution  of  the 
data  (two  maps  per  day)  limits  tlx?  scope  of  this  study.  It  should  bo 
noted  very  clearly  tlvtt  the  surliest  resolvable  wave  in  tlx?  present  con¬ 
text  is  £400  kms  in  space  and  two  days  in  t_imc.  Fur tl xrrmoi e ,  s  ij  xe  only 

oceanic  and  near  coastal  data  are  used  for  the  analysis  of  the  wild  stress 
curl  over  the  oceanic  domain  of  the  GATE  A-scale,  the  near  coastal  analya's 
witliin  a  few  hundred  kms  are  n?t  too  reliable.  This  limits  tlx?  usefulness 
of  the  presented  data  sets  for  studies  of  coastal  oceanographic  problems 
of  local  origin. 

5 .  J  The  Time  Averaged  Wind  Stress  and  the  Win)  Stress  Curl 

Figs.  (8a,  b)  respectively  illustrate  the  100  day  an!  tlx'  l’lvise 
III  mean  meridional  wind  stress  distribution  over  the  GATE  A-scale  oceans. 
In  Fig.  (8a)  tlx?  zero  line  in  tlx?  middle  of  tlx  Atlantic  Ocean  separates 
a  northerly  meridional  shear  to  its  north  from  the  soutlxrly  slxvu  to  its 
south.  The  magmtude  of  tlx  shear  is  largest  near  tlx'  North  African  coast 
an!  the  Fastem  port  of  the  soutlxrn  Atlantic  Gtvon.  Tlx'  southeast  trades 
exert  a  stronger  mcridioixiL  stress  than  the  northeast  trades  over  the 
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tropical  Atlantic  Ocean.  The  magnitude  of  the  meridional  stresses  over 

2  2 

the  trade  wind  belt  varies  firm  1.0  to  1.25  dynes/cm  (Note:  1  dyne/an  = 

2 

0.1  N/m  ) .  The  estimates  for  phase  III  are  slightly  larger  than  those 
for  the  100  day  roan.  Over  the  Eastern  Pacific  Ocean  near  the  Peruvian  • 
coast,  the  magnitude  of  the  meridional  stresses  show  two  maxima,  which 
cure  especially  strong  (  ££  2  dynes/an  )  during  the  third  phase  of  GATE. 

This  region  has  an  abundant  distribution  of  cloud  winds.  A  zero  line 
separates  the  positive  and  negative  stresses  over  the  western  part  of  the 
Gulf  of  Mexico.  The  northern  part  of  the  western  Gulf  exhibits  west 
south-westerly  flows  while  the  southern  part  of  the  Gulf  shows  west  north¬ 
westerly  flows.  Ihe  corresponding  meridional  stresses  in  the  western 
Gulf  are  on  the  order  of  0.5  dynes/cm2. 

The  zonal  stress  for  the  100  days  and  the  third  phase  is  illus¬ 
trated  in  Figs.  (9a,  b) .  It  is  stronger  over  the  central  Atlantic  Ocean, 

2 

reaching  magnitudes  in  excess  of  1.5  dynes/an  .  The  sutmer  hemisphere 
trades  exerts  a  stronger  zonal  stress  while  the  winter  hemisphere  trades 
have  a  stronger  meridional  stress  over  the  Atlantic  Ocean,  over  roost  of 
the  tropics  the  stress  is  fran  the  easterly  direction  <  except 
for  the  monsoonal  belt  near  the  eastern  Atlantic  and  Pacific  oceans.  Both 
the  zonal  stress  and  the  meridional  stress  show  a  relative  maximum  value 
between  0°  and  10°E  and  south  of  15°S.  This  appears  to  be  a  source  region 
for  surges  in  the  velocity  of  southeast  trades  of  the  southern  Atlantic 
0cean*  In  general,  the  magnitude  of  the  zonal  stress  is  roughly  15% 
greater  during  the  third  phase  compared  to  the  100  day  mean. 

The  field  of  the  total  stress  is  illustrated  in  Fig.  (10a,  b)  for 
the  100  days  and  the  third  phase  respectively.  The  total  stress  is  larger  in  the 
northeast  trades  in  comparison  to  the  southeast  trades.  The  maximum  value 


-17- 


1 

exceeds  2  dynes/cni*' .  11  vr  mean  value  of  the  total  stress  for  the  100 

*> 

days  over  the  GATE  A/B  scale  is  arourd  0.3  dynes/cm*" .  Hus  is  sliqhtly 
smaller  than  the  magnitudes  of  0.4  dynes/cm*'  reported  by  Jacobs  (1978) . 

Hie  reasons  for  this  discrepancy  are  discussed  elsewhere  in  this  paper . 

The  regions  along  the  Peruvian  coast,  along  tlx'  western  Gulf  of  Mexico,  around 
10°N  and  100°W  and  around  20°S  aid  5°E  ore  other  regions  with  large 
stresses.  It  is  of  interest  to  conpore  the  nugni tales  of  the  stresses 
estimated  here  with  earlier  estimates  given  by  Hellerman  (1967)  . 

Hellerman's  (1967)  wll  known  seasoraal  mean  tabulations  of  wind 
stresses  (  £  and  Ty  )  vere  based  on  U.S.  Navi,'  Hydrographic  Offices' 

Marine  Climatic  Atlas  of  the  World.  Hus  atlas  was  based  on  roughly  8 
years  of  marine  surface  data.  Fig.  (11a  ard  b)  shew  Hellerman's  mean 
fields  of  the  wild  stresses  ^  and  Ty  for  the  sntmsr  montlis  (June,  July 
aid  August) .  Although  there  is  a  general  agreement  between  our  analysis. 

Fig.  (10a,  b)  during  GATE  (Mean  Stresses  for  the  period  JUne  16  through 
Septonber  23td) ,  there  mv  sane  mi  jar  differences  as  wilt 

a)  Zonal  stresses:  In  the  northern  trade  wird  belt  our  aivdysis 
shows  a  belt  of  easterly  zonal  stress  around  roughly  20°N.  Hie  oorres- 
ponding  latitude  of  strongest  zonal  easterly  stress  in  Hellerman's  study 
is  located  closer  to  the  equator  (17.T>°N  to  7.5°N).  Hie  trade  belt  of 
strongest  wilds  during  GATE  9eems  to  be  located  sanewhflt  farther  north. 

Hie  strongest  magnitude  of  the  stress  in  Hellerman's  tabulations  are 
arouid  1  to  1.4  dynes/cm*'  while  those  shown  in  the  present  study  are 
around  1.6  dynes/an*'.  Hie  major-  difference  is  due  to  differences  in  the 
intensity  of  the  trades.  For  steady  trade  wil'd  speeds  on  the  order  of 
10  nps,  wc  haw  used  a  drag  coefficient  of  1.4  x  10-^  based  on  recent  GATE 
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sinnvuios  prosen  tixl  ly  husiixu'x  are'  Soquin  (1977).  Hallemiin  ustil  a 
value  ^1  2.b  x  10  "  tor  tlx're'  sank'  wuxi  speeds.  It  slx'uld  alu'  Iv  i\'t«x- 
tint  we  lv»\v  used  daily  values  of  tlx'  win!  in  estimatin')  our  nxxin 
stivsses,  while  those'  of  Hellerman's  study  are  based  on  lore?  tuna  nxvm 
motion  field  are!  wire!  noses  that  contain  sane  infcooivitian  on  tlv  trv\;iK'jxy 
distxilution  of  daily  stresses. 

b)  Meridional  stresses:  In  the  region  of  the  nutlxxist  tr.vies, 

the  meridional  st less  is  l.miest  anoureJ  17.5°N  tv'  7.5°N  in  tlx'  talxila- 

t.ions  of  Hdlomnn, while  vxu  study  shows  th.it  tlx'  stivrejest  trades  atv, 

in  faot,  fount  fartlvx  north  .ml  closer  to  iO^N.  Tins  is  primarily  due 

to  the  differences  m  tlx'  nxxin  notion  fields  of  our  stilly  versus  tlvv;e 

found  in  the  0.0.  Hyiinxir.ipliio  ttuiix'  v'limatio  l\ita  tAiir.xuy .  Tlx'  nxitlxun 

tr.vies  exhibit  winis  onxitex  than  10  mps*  over  a  wide  ixxi ion  ot  ivut.  hoist  ern 

At  l.intio  iVxxin.  Tlx'  use  ot  a  dim  coefficient  of  i.t  x  10-  '  in  Helletnvin's 

tabulations  again  lwxls  tv'  ratix'i  lame  magnitudes  v'f  tlx'  nt'ridioivil 

stxessv's.  In  tliis  nxik'ii  tlx’  nvtgni t uie  ol  lamest  meridional  stress  in 

> 

lk'lloxnvin's  stilly  is  on  tlx'  v'nler  of  O.h  dyix's  an*  ,wtu le  in  .xu  stilly  it 
is  sonWrlut  lamer  in  spite  ot  our  usv'  of  much  mull  or  drag  v\x'f  t  leients 
vine  to  stronger  wiuis  and  transients.  IV  tails  ot  stresses  within  tlx'  Oult 
ot  Mexico  aivl  in  the  eastern  1'aeif ie  vxxxm  atx'  iv't  descrilxii  by  tlx'  el  mxi- 
tv'lvxneal  viata  set  of  Iki  lerman. 

Finally,  w  slvill  exaniiix'  tlie  nt'an  fields  v'f  win!  stress  .xu  1  tin 
tlx'  100  days  Aixl  tlx’  thiixl  plvise  v'f  vWIV.,  Fig.  ilh,  b)  .  Hi'  trade  wind 
belts  contain  .ui  east -vest  oriented  2dV  line  se^xirat  iixi  regions  of  nua- 
ti\\'  an!  yositaxx'  win!  stmss  cur  1 .  In  the  northern  tr.vies  this  se|\irat  ion 
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line  is  located  around  20°N,  and  for  the  souttem  trades  this  lire  is  located 
along  10°S.  In  general,  a  positive  and  an  adjacent  negative  center  is 
found  over  most  regions  of  strong  wind  stress  curl.  The  positive  center 
is  to  the  left  of  the  strong  wind  stress  vector  while  the  negative  center 
is  to  its  right.  Such  couplets  are  clearly  evident  in  the  western  Gulf 
Mexico,  the  Caribbean  Sea,  the  Eastern  Pacific  Ocean,  the  northeast  trades  (20°N) 
and  the  southeast  trades  over  the  eastern  Atlantic  Ocean.  The  Guinea  coast 
is  a  region  of  sane  interest  here.  The  only  region  with  a  positive  wind 
stress  curl  along  this  coast  is  located  near  3°E  where  a  meandering  of  the 
zero  line  may  be  noted.  Over  most  of  the  remaining  regions  along  this 
coast,  the  wind  stress  curl  does  not  shew  positive  values  north  of  the 
equator.  This  situation  is  quite  different  fran  that  along  the 

Peruvian  coast.  The  winds  along  the  Peruvian  coast  contain  a  stronger 
southerly  coastal  flew,  while  in  the  southern  Atlantic  ocean  stronger  south 
westerlies  are  found  and  the  flews  parallel  to  the  African  coast  are  not 
as  large. 

6.  Spectral  Analysis  of  GATE  Surface  Fields 

In  this  section  we  shall  present  a  spectral  analysis  of  sane  of  the 
surface  parameters  of  the  present  study.  The  first  step  in  this  analysis  is 
removal  of  root  mean  square  linear  trend  since  there  may  be  present 
some  seasonal  changes  on  the  scale  of  the  100  day  period.  We  note  fran 
plots  of  data  that  the  seasonal  trend  is  indeed  quasilinear  and  hence  the 
linear  regression  is  found  quite  adequate  for  the  surface  parameters 
during  the  suimer  season.  Cur  numerical  method  is  the  direct  fast  Fourier 
transform  method  of  spectral  analysis.  In  the  execution  of  the  spectral 
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oiwlysis  va'  follcw  the  earlier  works  of  Wallace  (1971),  Yanai  et  al  (1968), 
Zongvil  (1976)  ami  Krishnamurti  ami  Blulme  (1976b). 

Hie  avl f icient  of  an  ^ X J  series  is  qiven  by: 

N-*  link 

X*  -  xj  €  •  *  z  0  ,  I,  2  •••'  M-t  ■  u’n 

wtxrv  2N  iviuesents  tlx?  data  points  and  N  the  nunber  of  coefficients.  'Ilk' 
piwer  specttal  estmutes  of  the  series  are  given  by, 


Gn  = 


2  At: 


/**l  >  **  0,  /,2,  .  •  •  /V-/  U':> 


where  St  is  the  tint  interval.  i^naotlioi  estimates  nviv  lx'  obtained  by 


averagim?  contiguous  raw  estimates  to  yield, 


Our  present  interest  will  be  first  to  examine  the  power  spectral  density  ov.v 
sane  of  the  key  regions  of  interest  in  the  GATE  A-scale.  For  purposes  of 
depiction  w  shall  illustrate  tlx?  product  of  the  power  (per  cent  variomv) 
times  the  frequency  (along  ordirvite)  versus  the  log  of  tlx'  frequency  (alone 
abscissa) .  71  x'  advantages  of  this  representation  haw  been  enumerated  by 

Zangvil  (19/6). 


6.1  Northeast  trades  (Atlantic  Ocean) 

Hie  variability  is  here  described  for  a  rectangular  region,  2CI0C  km 
x  1000  km,  centered  at  40°W  ami  20°N.  Hie  zonal  wind  (see  Fig.  13a)  in  tliis 
region  is  around  6  np6  with  peak  values  close  to  11  nps.  lining  the  100 
days  the  easter  ly  zonal  velocity  of  the  northeast  trades  shows  several  peak 


-21- 


velocity  periods  roughly  15  days  apart  with  evidence  of  ^in¬ 
variability  on  slorter  timz  scales.  Hie  spectral  analysis  of  the  zonal 
wind  is  illustrated  in  Fig.  13b.  litis  shows  a  dominant  oscillation  of  arouiii 
15  days.  There  is  also  considerable  pcwer  in  shorter-  time  scales  of  less  titan 

10  days.  A  peak  of  axourxl  30  days  is  not  very  reliable  due  to  the  fact  that 
the  length  of  the  data  records  is  only  100  days. 

The  spectra  of  tlie  meridional  velocity  (Fig.  14a)  in  this  region 
of  the  northeast  trades  slew  a  daninant  mode.-  of  arourrl  5  days  Vvitlt 
shorter  time  scales  of  2  to  5  days.  Tlte  meridion.il  velocity  also 

exhibits  a  pronounced  oscillation  in  the  10  to  15  day  time  scales.  Finally, 
we  present  tlte  spectra  of  the  total  wind  stress  for  the  Northeast  trades 
in  Fig.  14b.  Hus  exhibits  a  mist  pronounced  peak  around  11  and  17  days 
as  well  as  sane  variability  between  2  to  6  days. 

6 . 2  Southeast  Trades  (Atlantic  Ocean,  Centered  at  Equator  cmd  30°W) 

The  corresponding  illustrations  are  the  variability  of  the  zonal 
wind  during  the  100  days, and  its  spectra  are  respectively  shewn  in  Figs. 

15a,  b.  The  zonal  wind  shows  considerable  variability  around  3  days  and 
10  to  15  days.  This  variability’  of  surface  zonal  wind  in  the  Soutliem  as 
well  as  the  Northern  Hemispiiere  is  consistent  with  tlie  findings  of  Krish- 
nanurti  et  al  (1975)  frem  the  clou.)  winds  during  GATT:.  In  tliis  study  an 
oscillation  in  the  intensity  of  the  trades  with  a  period  of  around  14  days 
was  described.  Furthermore,  a  near  simultaneous  occurrence  of  surges  in 
the  trades  of  tie  two  hemispheres  was  noted  in  the  GATT:  'Cloud  Wind '  data 
sets.  A  careful  supeipositioning  of  Fig.  13a  on  top  of  Fig.  15a  shows  that 
an  interesting  relationship  exists  between  the  trades  of  the  two  hemispheres 


at  tlx?  surf  act.'  level  as  veil .  IXiriin  tlx?  1  irst  lull'  of  1 WTK  the 
nuxima  in  the  Nor  thesis  t  trades  seem  to  follow  the  iroxima  of  the  trade 
winds  of  tlx;  Southern  Hemisphere  with  a  lag  of  roughly  3  days.  After  the 
first  port  of  August,  197-1  with  tlx?  advent  of  the  active  pliase  of  African 
disturbances,  the  naxinu  of  tit  Northern  trades  appear  to  precede  the 
corresponding  nuxinu  of  the  Southern  trades .  A  careful  examination  of  tit 
disturbaites  durirvj  GATE  suggests  that  the  surges  in  the  trades  may  have 
a  relationship  to  westward  propagating  pressure  pulsations.  If  the  low 
pressure  area  is  well  North  of  the  equator ,  then  the  surge  is  often  first 
noted  in  the  Northeast  trades.  On  the  other'  hand,  if  the  pressure  pertur¬ 
bation  is  just  North  of  the  aqua  tor  then  the  surge  is  first  noted  in  the 
Southeast  trades.  These  results  on  the  relationship  between  the  surges 
of  the  trades  of  the  two  hemispheres  at  e  especially  noteworthy  since  the 
two  regions  centered  at  0°,  30°W  and  20°W,  40°W  have  no  camion  data  sets 
ami  are  well  separated  from  each  other.  Figs.  16a,  b  illustrate  the 
spectra  of  tlx?  meridional  wind  ard  of  the  total  stress  based  on  the  100  days 
of  surface  wind  data  for  the  Sou tl least  trades.  Peaks  in  the  4  to  6  day  range 
ard  arouixl  11  day  period  are  pruiunont  features  in  tlieir  spectra. 

In  sunrviry ,  tlx?  trade  winds  of  tlx'  surmer  ani  the  winter  hemisplieres 
shew  oscillation  in  the  3  to  6  day  as  well  as  in  the  10  to  15  day  periods. 

The  3  to  6  day  period  is  most  likely  related  to  westward  propagating  African 
waves.  The  10  to  15  day  period  appears  to  be  related  to  a  westward  propa- 
qatirw  wave.  An  illustration  of  thii  type  of  wave  is  shown  on  an  x-t  diagram 
in  Fig.  17.  Here  we  have  taken  the  meridional  surface  wild,  V,  for  tlx?  100 
days  of  GATE  at  20°N  and  subjected  it  to  a  band  pass  filter  which  has  a 
maximm  response  of  onxird  15  days  aid  a  ixvir  ceiv  T  osponso  below  10  days  as 
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wull  as  above  20  days.  The  region  for  0  is  shader)  in  this  illustration. 

We  find  a  well-defined  westward  propagating  wave  for  most  of  the  100  day 
period.  The  wavelength  of  this  wave  ^  40°  long,  and  its  speed  3° 
long/day.  This  wave  in  the  10-15  day  period  was  also  noted  from  the  data 
sets  of  the  meridional  wind  at  850  mb.  We  find  very  little  vertical  tilt 
of  this  wave  in  the  lower  troposphere. 

7.  Concluding  Kenurks 

Hie  future  determination  of  the  wind  stress  over  the  global 
oceans  will  depend  more  and  more  on  observations  obtained  via  remote 
sensing  from  satellites.  One  of  the  proposed  satellites,  called  SEASAT, 
makes  use  of  a  scattercmeter  to  determine  the  surface  stresses.  This 
satellite  was  launched  during  1978  and  produced  data  of  high  quality  for 
only  a  90  day  period  prior  to  its  failure.  The  geostationary  satellites  pro¬ 
vide  cloud  wind  data  which  are  presently  being  used  to  define  the  motion 
field  at  around  the  1  km  height  above  sea  level.  The  present  paper  is 
an  effort  to  include  this  important  data  set  for  the  analysis  and  deter¬ 
mination  of  surface  winds  as  well  as  the  stresses.  Hie  proposed  technique 
allows  for  a  turning  of  wind  with  height  by  incorporating  this  information 
via  a  successive  correction  in  the  wind  analysis.  The  proposed  method  is 
calibrated  against  the  GATE  research  ship  surface  observations .  The  po¬ 
tential  of  the  proposed  method  lies  in  its  further  use  during  TOGE  (The 
First  GAKP  Global  Experiment)  when  5  geostationary  satellites  along  with 
50  research  ships  and  1000  merchant  ships  are  expected  to  provide  a 
ocrposite  observing  system.  This  data  set  should  provide  the  possibility 
for  determination  of  detailed  surface  motion  field  as  well  as  the  wind 
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stresses  and  their  variability  over  global  oceans. 

The  present  study,  although  somewhat  limited  in  scope,  i.e.  limited 
domain  and  short  period  of  100  days,  has  nevertheless  enabled  us  to  define 
these  fields  with  seme  degree  of  accuracy  that  was  not  possible  previously. 
The  important  results  of  the  present  study  include  i)  a  technique  for  in¬ 
corporating  the  low  cloud  motion  vectors  in  the  surface  wind  analysis,  ii) 
mean  motion  field  as  veil  as  the  mean  stresses  over  the  tropical  Atlantic 
ocean  during  the  northern  sunmer ,  iii)  the  variability  of  the  motion  field 
and  the  stresses  on  two  dominant  time  scales:  3  to  6  days  and  10  to  15  days, 
both  of  which  are  identified  as  westward  propagating  modes.  The  former  is 
here  identified  with  the  passage  of  African  waves;  while  the  latter,  whose 
scale  is  °u  the  order  of  40°  longitude  with  a  speed  of  propagation  of 
about  2.7°  longitude/day ^is  not  presently  understood.  Its  importance  how¬ 
ever  in  oceanographic  problems  has  appeared  in  many  recent  studies. 
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Hi  root  ion  ol  cloud  wind  at  a  point  i,j. 

Turning  angle  at  a  point  i.j. 

Mean  value  wit  bin  a  subdomain. 

Snrtaoe  wind  speed  at  a  point  i,i. 

Speed  of  e loud  wind  at  a  piont  t,i. 

/.('mil  and  meridional  eomponnnls  i't  cloud  wind 
relocated  at  the  surface  level. 

Ceost  rophic  wind. 

lie- ight  ot  Anemometer  level. 

Roughness  length. 

Friction  velocity. 

Mon  i  n-Obukhov  1  engt  It . 

Von  Karman  constant 

Coriolis  parameter. 

Height  oi  planetary  boundary  laver. 

Mean  turning  ot  wind  with  height  in  the  planetary 
boundary  layer. 

Angle  between  suriace  pressure  gradient  and  t  In¬ 
nas  t  . 

brag  coot  tic  lent. 

Components  ot  wind  stress. 


Curl  ot  the  wind  stress 


Fig.  1. 


Fig.  2. 
Fig.  3. 


Fig.  4a. 
(top) 

Fig.  4b. 
(middle) 

Fig.  4c. 


Fig.  5a. 
(top) 

Fig.  5b- 
(bottcni) 

Fig.  6a. 
(top) 

Fig.  6b. 
(bottom) 

Fig.  7. 


Fig.  8a. 
(top) 

Fig.  8b. 
(bottom) 

Fig.  9a. 
(top) 

Fig.  9b. 
(bottom) 


Tlie  distribution  of  OATH  ships  (phi so  III)  over  the  Atlant  ic 
Ocean  is  shown  hero.  Circle  with  cross  mlicates  B-scale 
radar  ships,  square  with  circle  within  indicates  A,'!'  scale 
ships,  dark  square  witJiin  a  square  are  tlie  A-scalo  slips, 
circle  denotes  B- scale  ship  positions. 

The  distribution  of  merchant  slips  on  a  typical  day. 

A  sample  distribution  of  low  cloud  motion  vectors  over  the 
Atlantic  ocean.  (Courtesy  of  Fuiita) . 

Mean  stream]  ines  at  id  isotachs  (nps)  for  Phi  so  111  (1 27)  hastd 
on  tlie  proposed  analysis  scheme. 

Mean  streamlines  for  plvise  III  (127.)  from  l\\ui  uni  rtnith. 


Final  surface  analysis  at  tlx'  surface  for  a  typical  day.  win! 
barbs  (knots) .  Data  from  a  nix  of  platforms  is  shown  Ixiro . 

Mean  surface  streamlines  oixi  isotachs  (nps)  tor  the  100  days  of 
OATH. 

Mean  surface  streamlines  aixi  isotachs  tups)  for  tlx'  "Ul  phase 
of  GATE. 

Mean  850  nib  streamlines  and  isotaelis  (nips)  for  the  100  lays  of 
GATE. 

Mean  850  mb  streamlines  aixl  iootadis  (nps)  for  tlx'  Hind  phase 
of  GATE. 

Mean  turning  anile  (in  degrees)  of  win!  between  tlx'  surface 
an!  the  lew  cloud  wini  level .  (Note:  lew  cloud  win!  level  is  not 
necessarily  the  top  of  tlx'  friction  layer).  Positive  values: 
Backing;  negative  values:  Veering. 

■> 

100  day  nxvui  surface  field  of  tlie  meridional  stress  (dynes/cm*-)  . 


Phase  ITT  moan  field  surface  of  tin.'  meridional  stress  (dynes/enT )  . 


100  day  mean  field  of  tlx*  surf  act?  zonal  stress.  (dynes/om* )  . 


Phase  III  mean  field  of  tlie  surface  zonal  stress  (dyix's/om*-)  . 


Fiq.  10a. 
(top) 

Fig.  10b. 
(bottom) 

Fig.  11a. 
(top)  and 
Fiq.  lib. 
(bottxni) 

Fig.  12a. 
(top) 

Fiq.  12b. 
(bottom) 

Fiq.  13a. 
(top) 

Fiq.  13b. 
(bottom) 


Fig.  14a. 
(top) 


Fig.  14b. 
(bottom) 

Fig.  15a. 


Fig.  15b. 
Fig.  16a. 


Fig.  16b. 
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100  day  mean  field  of  the  surface  total  stress  (dynes/arr)  . 

2 

Phase  111  mean  field  of  the  surface  total  stress  (dynes/an*- )  . 


Zonal  and  meridional  components  of  the  wind  stress  (dynes/an ) 
based  on  Hellemvin's  study . 


100  day  mem  field  of  tire  surface  wind  stress  curl. 
Units:  xlO-^  dynes/an^. 


Phase  III  nivin  field  of  the  surface  win.)  stress  curl . 

Units:  xl0“10  dynes/cm^. 

Variability  of  the  surface  zonal  wind  (mps)  of  the  north¬ 
east  trades  during  the  100  days  of  GATE . 


Spectral  analysis  of  the  surface  zoivil  wind  for  N.K.  trades.  Plots 
shew  tlie  product  ot  |XMor  times  the  frequency  plotted  against  the 
log  of  frequency. 


Spectral  analysis  of  tire  surface  meridional  wild  for  the  N.F.. 
trades.  Plots  slrow  tire  product  of  power  times  tlie  frequency 
plotted  against  the  log  of  tlie  frequency. 

Spectral  analysis  of  the  total  stress. 


Variability  of  the  zonal  wind  (mps)  durinq  the  100  days  of  (WIT 
for  the  southeast  trades. 

Spectral  analysis  of  the  zonal  wind  for  the  sou tl least  trades. 

Spectral  analysis  of  tire  meridional  wind  for  the  southeast, 
trades. 

Spectral  analysis  of  the  total  wind  stress  for  the  southeast 
trades. 


Fig.  17. 


An  x-t  diagram  at  20°N  for  the  10  to  20  day  mexie  of  tire 
meridional  wind.  Hie  shaded  area  denotes  v<f0,  while  tlie  un¬ 
shaded  area  represents  southerly  notion. 


Fiq.  1.  Hie  distribution  of  (VYTK  sliips  (phase  III)  over  the  Atlantic 
Ocean  is  shown  here.  Circle  with  cross  indicates  B-scale 
radar  ships,  square  with  circle  within  indicates  A/B  scale 
sliips,  dark  square  witliin  a  square  are  tile  A-scale  ships, 
circle  denotes  B-scale  ship  positions. 
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Fiq.  2.  Hie  distribution  of  morchint  sliips  on  a  typical  day. 


Fig.  4c.  Final  surface  analysis  at  the  surface  for  a  typical  day.  wind 
barbs  (knots) .  Data  fran  a  mix  of  platforms  is  shown  here. 
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Fig.  10a.  100  day  mean  field  of  the  surface  total  stress  (dynes/cm2) . 

(top) 
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Fig.  10b.  Phase  III  mean  field  of  the  surface  total  stress  (dynes/cm  ) 
(bottom) 
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Fig.  ((><1,6  )• 
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Zonal  and  meridional  components  of  wind  stress  (dynes/cm  )  * 
based  on  Hellerman's  study. 
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Fig.  13a.  Variability  of  the  surface  zonal  wind  (nps)  of  the  north- 
(top)  east  trades  during  the  100  days  of  GATE. 

Fig.  13b.  Spectral  analysis  of  the  surface  zonal  wind  for  N.E.  trades.  Plots 
(bottom)  show  the  product. of  power  times  the  frequency  plotted  against  the 
log  of  frequency. 
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Fig.  14a.  Spectral  analysis  of  the  surface  meridional  wind  for  the  N.E. 
(top)  trades.  Plots  show  the  product  of  power  tiroes  the  frequency 

plotted  against  the  log  of  the  frequency. 


Fig.  14b.  Spectral  analysis  of  the  total  stress, 
flbottan) 
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Fi,.  15a.  <nps)  dudng  the  100  days  of  (ME 

Fig.  15b.  Spectral  analysis  of  the  zonal  wind  for  the  southeast  trades 
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An  x-t  diagram  at  20°N  far  the  10  to  20  day  mode  of  the 
meridional  wind.  The  shaded  area  denotes  v<f 0,  while  the  un¬ 
shaded  area  represents  southerly  motion. 
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^carried  out  for  the  100  days  of  the  GARP  ATLANTIC  TROPICAL  EXPERIMENT  (GATE) 
for  two  observation  periods  pe^  day  (00Z,  12Z)  over  a  wide  domain. 

This  paper  illustrates  (fj^time  averaged  geometry  of  the  motion  field 
during  GATE,  and  i£)  time  averaged  fields  of  the  zonal  and  the  meridional 
stresses  as  well  as  of  the  curl  of  the  wind  stress.  Finally,  we  examine 
the  spectral  analysis  of  the  motion  field  and  the  stresses  over  the  trade 
wind  belts  of  the  summer  and  winter  hemisphere.  Our  study,  emphasizes  the 
importance  of  two  modes  of  oscillation,  one  around  3  to  6  days  and  the  other 
around  10  to  15  days.  vWhile  the  former  i«  -l H<»nH f -I ^  uji t-h  African  waves,  the 
scale  and  speed  of  propagation  of  the  latter  is  determined  from  x-t \ diagrams 
an<*  io  identified  as  a  westward  propagating  wave,  whose  scale  is  of^he  order 
of  40  longitude  and  speed  of  propagation  is  around  3°  longitude/day.--^  This 
study  emphasizes  the  possible  usefulness  of  this  approach  during  the  GARP 
Global  Experiment  when  a  global  coverage  from  geostationary  satellites  is 
expected.  lC- 
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